We study the signal and background for the process tth, h → W + W − at the LHC and a 100 TeV VLHC. Signals are studied in two-, three-, and four-lepton final states. We find a statistical uncertainty in the top-quark Yukawa coupling at the LHC of 16%, 8%, 12% for m h = 130, 160, 190 GeV, respectively. The statistical uncertainty at the VLHC is likely to be negligible in comparison with the systematic uncertainty.
Introduction
One of the primary quests of present and future colliders is the search for the Higgs boson. Precision electroweak data indicate that the mass of the Higgs boson lies in the range 114 GeV < m h < ∼ 200 GeV [1, 2] . Such a Higgs boson may be discovered in Run II of the Fermilab Tevatron [3] , and it cannot escape the CERN Large Hadron Collider (LHC) [4, 5] .
Once a Higgs boson is discovered, it will be important to measure its couplings to other particles to establish whether these couplings are those of a standard-model Higgs boson, or those of a Higgs boson from an extended Higgs sector, such as a two-Higgs-doublet model. For example, the minimal supersymmetric standard model requires the presence of two Higgs doublets to cancel gauge anomalies and to generate masses for both up-and downtype quarks [3] . There are many other models that employ an extended Higgs sector as well. The coupling of the Higgs boson to other particles will be measured by studying the various production processes and decay modes of the Higgs boson [4, 6] .
In this paper we study the feasibility of measuring the Yukawa coupling of the Higgs boson to the top quark via the associated production of the Higgs boson with a top-quark pair (tth) [7, 8] , followed by the decay h → W + W − [9, 10, 11] , 1 as shown in Fig. 1 . This decay mode has a branching ratio in excess of 10% for m h > ∼ 120 GeV, and is the dominant decay mode of the Higgs boson for m h > ∼ 135 GeV [3] . We study this process at the LHC ( √ s = 14 TeV) with both low-luminosity and high-luminosity running. We also consider a √ s = 100 TeV Very Large Hadron Collider (VLHC) in order to judge the merits of increased energy. We omit a study at the Tevatron since, even with 30 fb −1 of integrated luminosity, the number of signal events is less than unity once branching ratios are included.
Let us compare the measurement of the top-quark Yukawa coupling via tth, h → W + W − with other methods for measuring this Yukawa coupling. A less direct way to measure the top-quark Yukawa coupling at a hadron collider is to produce the Higgs boson via gluon fusion [12] . In the standard model this process is dominated by a top-quark loop, but if there are other heavy colored particles that couple to the Higgs boson (such as squarks), they too contribute to the amplitude, complicating the extraction of the top-quark Yukawa coupling. The process gg → h, h → W + W − , will be accessible at the LHC [4, 13, 14, 15] , and perhaps also at the Tevatron [16, 17] , for some range of Higgs-boson masses. The ratio of gg → h, h → W + W − and tth, h → W + W − is a good probe of additional contributions to the gg → h amplitude beyond that of the top quark, as BR(h → W + W − ) and many systematic uncertainties cancel.
An e + e − linear collider of sufficient energy and luminosity could also measure the topquark Yukawa coupling via tth, h → W + W − . A machine of energy somewhat greater than m h +2m t would be required in order to overcome the phase space suppression near threshold. In particular, a √ s = 500 GeV machine would not be adequate for Higgs-boson masses above 130 GeV. We are not aware of any studies of this process at a linear collider. For a Higgs boson of mass < ∼ 135 GeV, the dominant decay mode is h → bb. Such is the case for the lightest Higgs boson of the minimal supersymmetric standard model, which has a mass less than about 130 GeV [3, 18, 19, 20] . The measurement of the top-quark Yukawa coupling via tth in this decay mode at the LHC has been studied elsewhere [4, 21, 22, 23] . The ratio of tth, h → bb and tth, h → W + W − is a good measure of the ratio of the Yukawa coupling of the b quark and the coupling of the Higgs boson to W bosons, as σ(tth) and many systematic uncertainties cancel.
In Section 2 we discuss the signal for tth, h → W + W − , as well as the backgrounds. We consider final states with two, three, and four leptons. In Section 3 we discuss the details of the calculations. In Section 4 we present the numerical results for the number of signal and background events and discuss uncertainties. We draw conclusions in Section 5.
Signal and backgrounds
We assume that the Higgs boson has been discovered and its branching ratio into W + W − is known (or is assumed to have the standard-model value). The extraction of the top-quark Yukawa coupling then requires a measurement of the cross section for tth, h → W + W − . The total cross section is given in Table 1 for a variety of Higgs-boson masses.
After the top quarks decay, the final state is
This can be divided into different cases, depending on how many W bosons decay leptonically. To reduce backgrounds that do not contain top quarks, we require that both b jets are tagged, with an efficiency ǫ b = 60% (50% at high luminosity). 3 We also include a lepton identification and reconstruction efficiency ǫ ℓ = 85%. We do not require that either of the top quarks are reconstructed, since the principal backgrounds also contain top quarks. For a similar reason, we do not require any missing transverse momentum. We also do not require that the Higgs boson be reconstructed, which would be difficult due to the loss of neutrinos from leptonic W decays. A trigger lepton of p T > 20 GeV (30 GeV at high luminosity) is required. The cuts made to simulate the acceptance and resolution of the detector are given in Table 2 .
We consider three different cases for the final state, depending on whether there are two, three, or four leptonic decays of the W bosons in the signal
Each case is discussed separately below.
coupling could be made. 3 Since we require two b tags, any improvement in the b-tagging efficiency would be magnified. Table 2 : Cuts applied to simulate the acceptance and resolution of the detector at the LHC at low luminosity and at high luminosity (in parentheses). The high-luminosity cuts are also used for the VLHC.
Trigger lepton:
First consider the case where two W bosons decay leptonically. The signal consists of 2ℓ + 2b + 4j. To eliminate the background tt + 4j, we require that the leptons have the same sign. The backgrounds are:
• ttW ± jj, where the W decays leptonically and the top quark of the same sign decays semileptonically. We require that the di-jet invariant mass lie within 25 GeV of the W mass. This captures most of the signal events.
• ttℓ + ℓ − jj, where one lepton is missed, and the top quark of the same sign as the detected lepton decays semileptonically. A lepton is considered missed if it has p T < 10 GeV or |η| > 2.5.
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• ttW + W − , where one W decays leptonically and a top quark of the same sign decays semileptonically.
• tttt, where the leptons come from the semileptonic decay of same-sign top quarks. We demand that two and only two jets are b tagged. We accept events with four or more non-b-tagged jets.
3ℓ
Next consider the case where three W bosons decay leptonically. The signal is 3ℓ + 2b + 2j. Similar backgrounds are present as in the two-lepton case:
• ttW ± jj, where the W and both top quarks decay semileptonically. We require that the di-jet invariant mass lie within 25 GeV of the W mass.
• ttℓ + ℓ − , where both leptons are detected and one of the top quarks decays semileptonically. We suppress this background by requiring that there are no same-flavor, opposite-sign dileptons within 10 GeV of the Z mass.
• ttW + W − , where both W 's decay leptonically and one top quark decays semileptonically, or both top quarks decay semileptonically and one W decays leptonically.
• tttt, where three of the top quarks decay semileptonically. We demand that two and only two jets are b tagged. We accept events with two or more non-b-tagged jets.
4ℓ
Finally, consider the case where all four W bosons decay leptonically. The signal is 4ℓ + 2b. The same backgrounds are present as in the three-lepton case, with the exception of ttW ± jj:
• ttℓ + ℓ − , where both leptons are detected and both top quarks decays semileptonically. We suppress this background by requiring that there are no same-flavor, opposite-sign dileptons within 10 GeV of the Z mass. 4 If the missed lepton has 1 GeV < p T < 10 GeV and is within a cone of ∆R < 0.2 from a detected lepton, then the detected lepton does not pass the isolation criteria and the event is rejected.
• ttW + W − , where both W 's decay leptonically and both top quarks decay semileptonically.
• tttt, where all four top quarks decay semileptonically. We demand that two and only two jets are b tagged. We accept events with zero or more non-b-tagged jets.
There will also be backgrounds from processes not involving top quarks, such as nonresonant W ± W ± + 6j and W ± Z + 6j (with one of the leptons from the Z decay missed) in the ℓ ± ℓ ± final state, and W ± ℓ + ℓ − + 4j in the 3ℓ final state. We expect such backgrounds to be small due to the requirement of double b tagging, in the same way that non-resonant W ± + 4j is a small background to tt (with double b tagging) [22] . Any such background could be suppressed by demanding the reconstruction of a top quark in the final state.
Requiring one or more b tags instead of two yields a significant increase in the number of signal events. However, non-resonant backgrounds such as those described above may become significant. We refrain from pursuing such an analysis in this paper.
Calculations
All calculations are performed at leading order with the code MADGRAPH [25] , using the CTEQ4L parton distribution functions [26] and α s (M Z ) = 0.119 with one-loop running.
5 The code HDECAY (Version 2.0) [27] , respectively. Spin correlations between production and decay processes are maintained in all calculations. The top quarks are constrained to be nearly on-shell, but the W bosons can be off shell. We also checked each calculation by using the narrow-width approximation for the top quarks and ignoring the spin correlation between production and decay. Good agreement was obtained.
The background ttW ± jj is sufficiently complicated that it requires approximation. We first calculate the ratio ttW ± jj/ttW ± for stable top quarks and W bosons, with the acceptance cuts of Table 2 applied to the two jets. We then calculate ttW ± with all particles decaying to final-state quarks and leptons, and multiply by this ratio.
There are subtleties in the calculation of the background ttℓ + ℓ − jj where one lepton is missed, and the top quark of the same sign as the detected lepton decays semileptonically. First, one must take care to implement the top-quark width in a manner than ensures gauge invariance of the amplitude. We use the "overall factor scheme" [28] . Second, the lepton mass must be maintained in the calculation to regulate the divergence when the 5 The factorization and renormalization scales are chosen as follows: i) tth: µ F = µ R = (2m t + m h )/2; ii) ttW ± jj: µ F = (2m t + M W )/2, µ R = µ F for two factors of α s and p T of each radiated jet for each of the other two factors; iii) ttℓ
For tth, the one-loop running top-quark Yukawa coupling is evaluated at µ R = m h . missed lepton is collinear with an observed lepton. 6 We used the muon mass to perform the calculation; to obtain the result for electrons, we scale the cross section by a factor ln(m µ /m e ) since the divergence is logarithmic. This avoids problems with gauge invariance at very low dilepton invariant mass. Third, we approximate ttℓ + ℓ − jj by calculating ttℓ + ℓ − with all particles decaying to final-state quarks and leptons, and then multiplying by the ratio ttℓ + ℓ − jj/ttℓ + ℓ − . Rather than calculating this ratio, we approximate it from the ratio ttW ± jj/ttW ± calculated above, since these two ratios entail QCD radiation from very similar subprocesses.
In the tttt background we demand two and only two b-tagged jets. This helps reduce this background, which has four b quarks in the final state. If only two of these b quarks are within the acceptance of the detector, we multiply by ǫ 
Results
The number of signal and background events with 30 fb −1 of integrated luminosity at the LHC are given in Table 3 for m h = 130, 160, 190 GeV. The low-luminosity cuts of Table 2 have been applied. The two-, three-, and four-lepton final states are considered individually. In each case, the signal-to-background ratio is of order unity, but the number of signal events is not large. The dominant backgrounds are ttW ± jj and ttℓ + ℓ − ; the background ttW + W − is comparatively small, and tttt is negligible. We give in Table 4 the number of signal and background events with 300 fb −1 of integrated luminosity at the LHC. The high-luminosity cuts of Table 2 have been applied. The number of events is increased due to the factor of ten increase in integrated luminosity, but this is partially compensated by the decreased acceptance. Table 5 gives the number of events at a 100 TeV VLHC with 300 fb −1 of integrated luminosity. 7 The high-luminosity cuts of Table 2 have been applied. The increased energy results in many more events than at the LHC with the same integrated luminosity. The signal-tobackground ratio remains of order unity. All four sources of background are comparable at the VLHC.
There are three sources of uncertainty in the extraction of the top-quark Yukawa coupling from the measured cross section: statistical, systematic, and theoretical. The statistical uncertainty in the measured cross section is √ S + B/S, where S and B are the number of signal and background events, respectively. Since the cross section is proportional to the square of the Yukawa coupling, the statistical uncertainty in the measurement of the Yukawa coupling is half that of the cross section. We show in Figs. 2 and 3 the statistical uncertainty δy t /y t at the low-and high-luminosity LHC, respectively. The statistical uncertainty from the two-and three-lepton final states are given separately, as well as the statistical uncertainty from the sum of the two channels, combined in quadrature. The statistical uncertainty in the four-lepton final state is much greater, due to the dearth of signal events. Combining the low-and high-luminosity runs at the LHC in quadrature yields a statistical uncertainty The systematic uncertainty arises from our ability to measure and calculate the backgrounds. Since the signal is not separated from the backgrounds by kinematics, an accurate knowledge of the backgrounds is essential. It is beyond the scope of this work to attempt to estimate the systematic uncertainty in the measurement of the backgrounds; an uncertainty of 20% or less is desired in order to match the statistical uncertainty.
The dominant background in the three-and four-lepton final states is ttℓ + ℓ − . This background could be estimated by measuring ttZ, Z → ℓ + ℓ − , and extrapolating away from the Z resonance. This background is absent altogether if all opposite-sign leptons are of different flavor (e.g., µ + µ + e − or µ + µ + e − e − ), but the number of events of this type is sufficiently small that the statistical uncertainty in the cross section increases when one considers only these events.
The dominant background in the two-lepton final state is ttW ± jj. It is likely that our calculation overestimates this background, because, using the cuts of Table 2 , each of the two jets can lie near the soft and collinear regions of phase space where perturbation theory overshoots the true cross section [30] . This background could be estimated by measuring the cross section for W ± jj invariant masses far from the Higgs mass, and then extrapolating. This is nontrivial, as it assumes that one can correctly identify the W ± jj system with good efficiency.
The theoretical uncertainty stems from the uncertainty in the subprocess cross section gg,→ tth and the uncertainty in the parton distribution functions. The subprocess cross section has been calculated at next-to-leading order in the strong interaction [31] . The dependence of the cross section on the common factorization and renormalization scales is relatively mild at the LHC, varying by about 10% as the scale is varied from half to twice its central value of µ R = µ F = (2m t + m h )/2. The largest uncertainty in the parton distribution functions is from the gluons. The gluon-gluon luminosity is known to about 10% accuracy at the LHC [32] , and will be measured via gg → tt. Hence the total theoretical uncertainty in the cross section is about 15%. This is adequate in comparison with the statistical uncertainty.
The statistical uncertainty in δy t /y t at the VLHC from the sum of the two-and threelepton final states is 3.3%, 1.6%, 2.2% for m h = 130, 160, 190 GeV. This is negligible compared with the likely systematic uncertainty. Thus the measurement of the top-quark Yukawa coupling at the VLHC would be limited almost entirely by the systematic uncertainty.
The background tttt is negligible at the LHC, but it is significant at the VLHC; it is the largest background in the two-lepton final state, and one of the two largest backgrounds in the three-lepton final state. This background has two additional jets in the final state compared with the signal, so it could be reduced by vetoing events with extra jets. For example, vetoing events with two extra jets (but not one) reduces the tttt background at the VLHC to 500, 170, 21 in the two-, three, and four-lepton final states, respectively. While this does not decrease the statistical uncertainty (which is negligible in any case), it may be relevant to control the systematic uncertainty.
The process tth, h → ZZ may also be accessible at the VLHC. If both Z bosons decay leptonically, the Higgs-boson mass could be reconstructed, which would reduce the backgrounds. 
Conclusions
We have studied the measurement of the top-quark Yukawa coupling to the Higgs boson via tth, h → W + W − at the LHC. A signal is available in the two-and three-lepton final states, and the signal to background ratio is of order unity. Combining both channels, and assuming 30 fb −1 of integrated luminosity at low luminosity and 300 fb −1 at high luminosity, we find a statistical uncertainty in the measurement of the Yukawa coupling δy t /y t of 16%, 8%, 12% for m h = 130, 160, 190 GeV, respectively.
The statistical uncertainty in the Yukawa coupling would be negligible at a 100 TeV VLHC. Thus the uncertainty in the Yukawa coupling would be dominated by the systematic uncertainty.
